[1] To investigate the distributions and sources of water-soluble organic acids in the Mongolian atmosphere, aerosol samples (PM 2.5 , n = 34) were collected at an urban site (47.92°N, 106.90°E, ∼1300 m above sea level) in Ulaanbaatar, the capital of Mongolia, during the cold winter. The samples were analyzed for water-soluble dicarboxylic acids (C 2 -C 12 ) and related compounds (ketocarboxylic acids and a-dicarbonyls), as well as organic carbon (OC), elemental carbon, water-soluble OC, and inorganic ions. Distributions of dicarboxylic acids and related compounds were characterized by a predominance of terephthalic acid (tPh; 130 ± 51 ng m −3 , 19% of total detected organic acids) followed by oxalic (107 ± 28 ng m −3 , 15%), succinic (63 ± 20 ng m −3 , 9%), glyoxylic (55 ± 18 ng m −3 , 8%), and phthalic (54 ± 27 ng m −3 , 8%) acids. Predominance of terephthalic acid, which has not been reported previously in atmospheric aerosols, was mainly due to uncontrolled burning of plastic bottles and bags in home stoves for heating and waste incineration during the cold winter. This study demonstrated that most of the air pollutants were directly emitted from local sources such as heat and power plants, home stoves, and automobiles. Development of an inversion layer (<700 m above ground level) over the basin of Ulaanbaatar accelerated the accumulation of pollutants, causing severe haze episodes during the winter season.
Introduction
[2] Organic aerosols are a major fraction of tropospheric aerosols, accounting for up to 70% of the fine aerosol mass [Jacobson et al., 2000; Kanakidou et al., 2005] . Organic aerosols contribute to the radiative balance on the Earth by scattering sunlight. Organic aerosols play a key role in cloud nucleation. In regions that are affected by anthropogenic pollutants, organic aerosols may play an important role in determining the climate effect of clouds as sulfate aerosols [Novakov and Penner, 1993] . Model simulation results indicate that organic aerosol can enhance the cloud droplet concentration and is therefore an important component of the aerosol-cloud-climate feedback system [O'Dowd et al., 2004] . The cloud condensation nuclei activity of aerosol particles can significantly be perturbed by particulate watersoluble organic aerosols [Saxena et al., 1995; Facchini et al., 1999] . Their chemical composition is known to lower the surface tension or to alter the bulk hygroscopicity of aerosol particles [Raymond and Pandis, 2002; Abdul-Razzak and Ghan, 2004; Lance et al., 2004; Shilling et al., 2007] .
[3] Dicarboxylic acids and related compounds (ketocarboxylic acids and a-dicarbonyls) are well recognized as ubiquitous components of atmospheric aerosols from urban Ho et al., 2007; Aggarwal and Kawamura, 2008; Miyazaki et al., 2009] , rural/suburban [Khwaja, 1995; Limbeck et al., 2001; Legrand et al., 2007] , coastal and remote marine Mochida et al., 2003; Sempéré and Kawamura, 2003; Kawamura et al., 2004; Wang et al., 2006a; Legrand et al., 2007] , Arctic Kerminen et al., 1999; Narukawa et al., 2003] , and Antarctic regions . However, almost no study has been conducted concerning organic acids near an Asian dust source region. Organic acids may interact with Asian dusts that contain alkaline and trace metals by forming organo-metal complexes [e.g., Deguillaume et al., 2005] . For example, oxalic acid is important ligand for ion, dissolving iron (III) hydroxide in aerosol liquid phase. Dicarboxylic acids and related compounds are directly emitted from primary sources and also formed by secondary processes in the atmosphere [Grosjean et al., 1978; Hatakeyama et al., 1987; Kawamura and Ikushima, 1993; Kawamura et al., 1996a; Limbeck and Puxbaum, 1999; Sempéré and 1 Kawamura, 2003; Crahan et al., 2004; Yu et al., 2005; Sorooshian et al., 2006 Sorooshian et al., , 2007a Volkamer et al., 2006] . Many studies were conducted to identify primary emissions of dicarboxylic acids and related compounds from auto exhaust [Kawamura and Kaplan, 1987; Wang et al., 2006b; Ho et al., 2006; Huang and Yu, 2007] , biomass burning [Narukawa et al., 1999; Graham et al., 2002; Mayol-Bracero et al., 2002; Gao et al., 2003; Decesari et al., 2006; Falkovich et al., 2005; Kundu et al., 2010] , and cooking activities [Rogge et al., 1991; Robinson et al., 2006] . However, studies have rarely been conducted to examine the organic acids emitted from lignite coal burning.
[4] Ulaanbaatar is the capital of Mongolia (population: 1.0 million), located in a valley surrounded by high mountains ranging from 1,652 to 1,949 m above sea level. It is the coldest capital in the world during the winter from October to March, requiring a lot of fuel consumption for space heating [data available from http://www.rrcap.unep.org/pub/ soe/mongoliasoe.cfm; Asian Development Bank, 2006] . It was roughly estimated that three combined heat and power plants, 250 small-and medium-sized heat-only boilers, and 70,000 traditional gers (traditional tent dwelling) and wooden house stoves consume annually 5, 0.4, and 0.2-0.35 million tons of lignite coal, respectively. In winter, each ger or wooden house stove consumes on average 5 tons of lignite coal and 4.7 m 3 of wood [World Bank, 2004] . Approximately 80,000 vehicles are used in Ulaanbaatar, most of which are secondhand after more than 10 years of use. Around 80% of them do not meet emission standards [Guttikunda, 2007] . Waste incineration in home stoves generally occurs without emission control. Severe haze episodes are frequently reported in Ulaanbaatar during the winter under the conditions of atmospheric inversion and low wind speed [Japan Environmental Council, 2005] . However, sources, formation mechanisms, and chemical composition of the haze aerosols in Ulaanbaatar are poorly understood.
[5] In this study, we conducted the first measurements of dicarboxylic acids and related compounds, organic carbon (OC)/elemental carbon (EC), water-soluble OC (WSOC), and inorganic ions in the atmospheric aerosols collected in Ulaanbaatar, Mongolia, during a cold winter. Here we report on unique characteristics of molecular distributions of dicarboxylic acids and related compounds. Sources and formation processes of atmospheric aerosols will be discussed with detailed aerosol chemical composition and air mass backward trajectories.
Measurement and Method

Aerosol Sampling
[6] PM 2.5 aerosol sampling for collection of 24 h samples was carried out every day starting at 1100 local time (LT) from 29 November 2007 to 6 January 2008 at an urban site in Ulaanbaatar, Mongolia (Figure 1 ). The aerosol sampler was installed on the rooftop of the National Agency for Meteorology, Hydrology and Environmental Monitoring (NAMHEM) building (47.92°N, 106.90°E, ∼10 m height), which is located in the northern part of Ulaanbaatar (∼1300 m above sea level). The PM 2.5 sampler consisted of a Tefloncoated aluminum cyclone impactor (URG-2000-30EH) with Figure 1 . Image map of the sampling site (47.92°N, 106.90°E) in Ulaanbaatar, Mongolia (Google Earth imagery (© Google Inc., used with permission)). The map in top left corner shows a location of Ulaanbaatar, Mongolia, over East Asia. Three heat and power plants are located 4.5 to 8.5 km southwest of the sampling site. The main vehicle road and train station are located at 0.5 and 1.5 km south of the sampling site, respectively. a cut size of 2.5 mm and a 47 mm Teflon filter pack (URG-2000-30F) . The flow rate was maintained at 16.7 L min −1 using a mass flow controller. For the aerosol sampling, two types of filters were used: quartz filters (Whatman, 47 mm) for the analysis of carbonaceous components and Teflon filters (Gelman, 2 mm, 47 mm) for inorganic ions. The sample was not denuded in this study. Recent studies demonstrated that dicarboxylic acids are observed predominantly in particles [Baboukas et al., 2000; Mochida et al., 2003] . Although some gas phase organics could be in part adsorbed on the quartz filter, we assume that positive artifacts should be minimal and not seriously affect the results. Quartz filters were prebaked at 850°C for 3 h before sampling and stored in a freezer at −20°C before and after sampling. For organic analysis, half of each quartz filter was wrapped in prebaked aluminum foil and transported to the laboratory in Sapporo. Quartz filter discs were transferred into prebaked glass vials (480°C, overnight) with a Teflon-lined screw cap and stored at −20°C until analysis. A total of 34 quartz and Teflon filters were used in this study. The concentration reported in this study is ambient concentration.
Chemical Analyses
[7] Samples were analyzed for dicarboxylic acids, ketocarboxylic acids, and a-dicarbonyls using a method reported previously Kawamura, 1993] . Briefly, an aliquot (0.4 cm 2 ) of quartz filter was extracted with ultra pure organic-free Milli-Q water (10 mL, three times) under ultrasonication (5 min, three times). The extracts were concentrated to almost dryness using a rotary evaporator and then derivatized with 14% borontrifluoride (BF 3 )/n-butanol at 100°C for 1 h to derive the carboxyl groups to butyl esters and the aldehyde groups to dibutoxy acetals. The esters and acetals were extracted with n-hexane, and then determined using a capillary gas chromatograph (GC) (Hewlett-Packard, HP6890) equipped with a split/ splitless injector, fused-silica capillary column (HP-5, 25 m × 0.2 mm id × 0.5 mm film thickness), and a flame ionization detector. Peak identification was performed by comparing the GC retention times with those of authentic standards. Identification of esters and acetals was also confirmed by mass spectra of the sample using a GC-mass spectrometry (Thermo, Trace MS) system.
[8] Recoveries of authentic standards spiked to a precombusted quartz fiber filter were 85% for oxalic acid and more than 90% for malonic, succinic, glutaric, and adipic acids. The detection limits of the major organic acids (C 2 , C 4 , C 9 , Ph, tPh, wC 2 ), which are defined as three times the standard deviation (3s) of field blanks, are determined to be 0.5-2 ng m −3 . The analytical errors of major species were less than 5% based on the triplicate analyses of different sections of the same filter sample collected in Sapporo using a highvolume air sampler. The field and lab blanks showed small peaks of oxalic, phthalic, terephthalic, and glyoxylic acids and methylglyoxal. The levels of field blanks were generally less than 10% of the actual samples, except for glyoxylic acid (less than 20%). Concentrations of all the species reported here are corrected for the field blanks but not for recoveries.
[9] OC and EC were determined using a Sunset Laboratory carbon (OC/EC) analyzer using the thermal-optical transmittance protocol for pyrolysis correction [Birch and Cary, 1996; Jeong et al., 2004; Kim et al., 2006; Jung et al., 2009b] . A 2.0 cm 2 punch of the quartz filter was placed in a quartz boat inside the thermal desorption chamber of the analyzer, and then stepwise heating was applied. External calibration was performed before the analysis using a known amount of sucrose. The detection limits of OC and EC, which are defined as 3s of field blanks, were 0.26 and 0.01 mgC m −3 , respectively. The analytical errors of OC and EC were less than 5% and 3%, respectively, based on the triplicate analyses of filter sample.
[10] To measure WSOC, an aliquot (0.4 cm 2 ) of quartz filter was extracted with organic-free Milli-Q water (7 mL) under ultrasonication (5 min, three times). The water extracts were then passed through a syringe filter (Millex-GV, 0.45 mm, Millipore), and WSOC was quantified using a total organic carbon (TOC) analyzer (Shimadzu, TOC-V SCH ) equipped with a catalytic oxidation column/nondispersive infrared detector. The sample was measured twice and the average was used in this study. External calibration was performed before sample analyses using potassium hydrogen phthalate. The detection limit of WSOC, which is defined as 3s of field blanks, was 0.23 mgC m −3 . The analytical error of WSOC was less than 6%.
[11] To measure water-soluble inorganic ions, an aliquot (6.6 cm 2 ) of Teflon filter was extracted in the same manner as for WSOC and then analyzed by ion chromatography (Dionex, DX-120). The anions, chloride (Cl 
Meteorological Data and Air Mass Backward Trajectories
[12] Meteorological parameters (wind speed, wind direction, and ambient temperature) were obtained from an automatic weather station located at 8 km west of the sampling site, which was operated by the NAMHEM of Mongolia. Ambient temperature during the entire sampling period varied from −30.3°C to −4.4°C with an average of −17.5 ± 5.0°C. Cold weather in Ulaanbaatar during winter can be attributed to its high latitude of 47.92°N and elevated geographical location of ∼1300 m above sea level. Wind speed varied from 0.0 to 5.7 m s −1 with an average of 1.5 ± 1.0 m s −1 . The prevailing surface wind direction was northeasterly or northwesterly in the nighttime (1900 to 0900 LT) and westerly (1000 to 1800 LT) with higher wind speeds of 1.9 ± 1.0 m s −1 in the daytime. Since Ulaanbaatar is surrounded by high mountains (except the western part of the city), relatively strong westerly winds in the daytime transport pollutants emitted from heat and power plants to the sampling site (Figure 1 ). Thus, 24 h aerosol collection can capture aerosols from many emission sources (lignite coal burning, burning of plastic bottles and bags, auto exhaust, etc.). Consequently, the data in this study is representative in this region not largely affected by some specific sources in the vicinity of the sampling site.
[13] Vertical profiles of ambient temperature from ∼300 m to ∼1000 m over the sampling site was obtained from the Global Data Assimilation System sounding product from National Oceanic and Atmospheric Administration (NOAA)'s Air Resources Laboratory (ARL) (available at http://www. ready.noaa.gov/ready.html). Sulfur dioxide (SO 2 ) data were obtained by the NAMHEM of Mongolia at 1.5 km west of the sampling site. During the sampling period, two precipitation events occurred on 27 and 28 December 2007 with daily rainfall of 1.4 and 1.8 mm, respectively.
[14] Air mass backward trajectories were computed at 500 m above the sampling site with the Hybrid Single-Particle Lagrangian Trajectory (HYSPLIT) NOAA/ARL model [Draxler and Rolph, 2010; Rolph, 2010] . Up to 20% errors of the traveled distance are typical for those trajectories computed from analyzed wind field [Stohl, 1998 ]. Thus, calculated air mass pathways indicate the general airflow pattern rather than the exact pathway of an air mass. All backward trajectories were calculated starting at 0000 UT (0800 LT) and extending 96 h back with a 1 h time interval. Air masses during the entire sampling period mainly originated from northwest of Mongolia (Figure 2 ).
Results and Discussion
3.1. Molecular Distributions of Dicarboxylic Acids, Ketocarboxylic Acids, and a-Dicarbonyls in PM 2.5 Aerosols [15] A homologous series of a,w-dicarboxylic acids (C 2 -C 12 ) and ketocarboxylic acids (wC 2 -wC 4 , wC 9 , and pyruvic acids), aromatic (phthalic, isophthalic, and terephthalic acids) dicarboxylic acids, and a-dicarbonyls (glyoxal and methylglyoxal) were detected in the PM 2.5 samples. We also detected unsaturated aliphatic acids (maleic, fumaric, and methylmaleic acids) and multifunctional dicarboxylic acids (malic, ketomalonic, and 4-ketopimelic acids). Table 1 summarizes average concentrations of these compounds in the PM 2.5 aerosols as well as OC, EC, WSOC, and inorganic ions during the sampling period. Bar graphs of dicarboxylic acids and related compounds are shown in Figure 3 . Hereafter, dicarboxylic acids and ketocarboxylic acids are denoted as diacids and ketoacids, respectively.
[16] Concentrations of total diacids ranged from 146 to 779 ng m −3 with an average of 536 ± 156 ng m −3 . In general, terephthalic acid (tPh) was found as the most abundant diacid species. Relative abundances of tPh in total diacids ranged from 9 to 32% (average 23%), followed by oxalic (C 2 ) (11-48%, average 21%), succinic (C 4 ) (9-15%, average 12%) and phthalic (Ph) acids (2-20%, average 10%). The high relative abundances of C 4 and Ph in total diacids were also reported in urban aerosols in Sapporo [Aggarwal and Kawamura, 2008] and 14 Chinese megacities and primary auto exhaust from near a roadside and tunnel in Hong Kong Wang et al., 2006b] . High abundance of C 2 followed by C 4 was also observed from biomass burning aerosols [Kundu et al., 2010] . C 3 was reported as one of major diacids in urban and remote marine aerosols (Table 2) . However, C 3 in Ulaanbaatar samples was a minor constituent (10th out of 23 identified diacids). Negligible amounts of the multifunctional diacids (malic, ketomalonic, and 4-ketopimelic acids) were observed. Concentration ranges of total ketoacids and dicarbonyls were (average 35 ± 12 ng m −3 ), respectively. Glyoxylic acid (wC 2 ) was the most abundant ketoacid species, comprising 27-58% (average 44%) of total ketoacids, followed by 4-oxobutanoic acid (wC 4 ; 16-35%, average 26%) and pyruvic acid (Pyr; 11-38%, average 19%). Methylglyoxal was observed to be more abundant than glyoxal.
[17] The predominance of tPh has never been reported in atmospheric aerosols. Most previous studies of atmospheric aerosols have reported the predominance of C 2 in biomass burning [Kundu et al., 2010] , urban Ho et al., 2006 Ho et al., , 2007 Wang et al., 2006b; Aggarwal and Kawamura, 2008; Miyazaki et al., 2009; Pavuluri et al., 2010] , and remote marine aerosols [ Kawamura and Sakaguchi, 1999; Mochida et al., 2003; Sempéré and Kawamura, 2003 ] as well as in Arctic aerosols . The one exception was an Antarctic summer aerosol sample, which showed predominance of C 4 , followed by C 2 and Ph. Since tPh is a major chemical component of polyester (polyethylene terephthalate) fiber and plastic bottles, the burning of plastic bottles and shopping bags emits a significant amount of tPh [Simoneit et al., 2005] . Home stoves for space heating and cooking are one of the major emission sources in Ulaanbaatar during the cold winter. Most people generally consume lignite coal or wood for their home stoves. However, some poor people burn plastic wastes in their home stoves [Guttikunda, 2007] . Waste incinerators containing a lot of plastics were frequently found to occur in open space without emission control . Hence, the predominance of tPh can be explained by the burning of plastic products.
[18] During photochemical production of diacids, the contribution of diacid carbon (diacid-C) to aerosol total carbon (TC) increases in the urban atmosphere [Kawamura and Yasui, 2005] . The contribution of total diacid-C to TC (and also to OC) in the Ulaanbaatar aerosols varied from 0.2% to 0.9% (0.5% to 1.5%) with an average of 0.6% ± 0.2% (0.8% ± 0.2%). The average diacid-C/TC ratio is slightly lower than those obtained at Asian megacities in Tokyo (0.95%) and Sapporo, Japan (1.8%) [Aggarwal and Kawamura, 2008] . However, they are several times lower than those obtained at remote marine sites in the western Pacific (3.2%) and in the tropical to western North Pacific (8.5%), where photochemical processing is significant ( Table 2 ). The lower diacid-C/TC ratios compared to those from other Asian cities and the remote marine sites can be explained by not only less photochemical aging but also the enhanced emission of hydrophobic carbonaceous aerosols from combustion sources. The diacid-C/OC ratios are also slightly lower than those obtained at Asian megacities in New Delhi, India (1.0%) , and in Sapporo, Japan (4.8%) [Aggarwal and Kawamura, 2008] . Interestingly, they are about two times higher than that from auto exhaust (summer: 0.41%; winter: 0.51%) ], but about two times lower than that from biomass burning (daytime: 1.7%; nighttime: 1.4%) [Kundu et al., 2010] , indicating that the Ulaanbaatar aerosols are influenced by both fossil fuel combustion and biomass burning.
Major Inorganic Ions and Particulate
Carbonaceous Components in the PM 2.5 Aerosols
[19] SO 4 2− was the most abundant inorganic ion, whose concentrations ranged from 2.8 to 20.0 mg m −3 with an average of 10.3 ± 3.7 mg m −3 . It accounts for 34.0% ± 3.9% of the total inorganic ion mass. The second most abundant species was NH 4 + (range: 1.1-10.2 mg m −3 ; average: 5.8 ± 2.2 mg m −3 ; relative abundance: 18.8% ± 2.5%), followed by NO 3 − (range: 1.4-10.5 mg m −3 ; average: 4.9 ± 2.0 mg m −3 ; relative abundance: 16.0% ± 3.8%). Diurnal variations of meteorological parameters are shown in Figure 4 together with the concentrations of all inorganic ions. Wind direction and wind speed showed clear diurnal variations with relatively strong westerly winds in the afternoon. When a strong wind came from northwest of Ulaanbaatar, lower concentrations of inorganic ions were observed. When wind speed was low, higher concentrations of inorganic ions were generally observed.
[20] Observation results showed that the molar ratio of NH 4 + to (2 × SO 4 2− + NO 3 − ) is close to 1 with an average of 1.09 ± 0.19. It can be concluded that there was sufficient ammonia (NH 3 ) in the air to neutralize all sulfuric acid (H 2 SO 4 ) and nitric acid (HNO 3 ). Thus, the dominant chemical forms of the SO 4 2− and NO 3 − aerosols were ammonium sulfate (NH 4 ) 2 SO 4 and ammonium nitrate NH 4 NO 3 , respectively. Since PM 2.5 aerosols were collected in this study, relatively low concentrations of Ca 2+ were obtained with an average of 1.0 ± 0.4 mg m −3 due to their dominance in coarse mode [Guo et al., 2010] . Thus, this study did not consider Ca 2+ for the neutralization of SO 4 2− and NO 3 − . Relatively high concentrations of PO 4 3− were observed with a range of 0.0 Figure 3 . Average molecular distributions of dicarboxylic acids (diacids), ketocarboxylic acids (ketoacids), and a-dicarbonyls in the PM 2.5 samples collected at Ulaanbaatar, Mongolia, during the entire sampling period. To highlight the minor species (average <30 ng m −3 ), their molecular distributions are also shown with an enhanced y axis scale. See Table 1 for abbreviations. 3− in Ulaanbaatar could be attributed to fertilizer-rich soil or to the presence of phosphatecontaining minerals in the soil [Ilyin and Ratnikova, 1981] .
[21] Concentrations of OC and EC ranged from 5.8 to 52.8 mgC m −3 (average 31.8 ± 11.8 mgC m −3
) and 1.4 to 9.9 mgC m −3 (average 6.7 ± 2.2 mgC m −3
), respectively. OC/EC ratios were calculated to be 2.97-5.99 with an average of 4.75 ± 0.81. A strong correlation (R 2 = 0.78) between OC and EC, as seen in Figure 5a , indicates similar sources of particulate OC and EC. The OC level in Ulaanbaatar is much higher than those obtained at megacities in China and Korea while the EC level is comparable to those from China but slightly higher than those obtained in Korea [Ye et al., 2003; Kim et al., 2007; Jung et al., 2009a Jung et al., , 2009b ) and Guangzhou (∼1.4 mg m −3 /mgC m −3 ), China [Jung et al., 2009a [Jung et al., , 2009b , indicating that emissions from lignite coal burning did not significantly contribute to PM 2.5 pollutants in Ulaanbaatar during the winter.
[22] WSOC concentrations ranged from 0.0 to 37.2 mgC m −3 (average 17.2 ± 8.5 mgC m −3 ) while WSOC/OC ratios ranged from 0.0% to 86.9% (average 53.2% ± 20.3%). The WSOC/OC ratio in this study is slightly higher than those measured at Sapporo, Japan (44%) [Aggarwal and Kawamura, 2008] , Christchurch, New Zealand (48%) [Wang et al., 2005] , and 14 Chinese cities (summer: 48%; winter: 40%) . It was much higher than those reported at Gosan, Korea (30%), during the ABC campaign [Miyazaki et al., 2007] and in New Delhi, India (25%), during the nighttime . A high WSOC/OC ratio (45%-75%) was reported in biomass burning aerosols over Amazonia . Since smoldering combustion of biomass produces high amounts of WSOC [Andreae et al., 1996; Novakov and Corrigan, 1996] , a higher WSOC/OC ratio in Ulaanbaatar suggests that significant fractions of organic aerosols were derived from smoldering combustion of wood under the extremely cold conditions.
[23] The OC/EC ratios (4.7 ± 0.8) in Ulaanbaatar were much higher than those obtained in Beijing (1.9) [Jung et al., 2009b] , Guangzhou (2.0) [Jung et al., 2009a] , Shanghai (2.3) [Ye et al., 2003] , China, and Seoul, Korea (1.8) [Kim et al., 2007] . OC/EC ratios of automobile emissions in California from diesel and gasoline engines are known to be 0.5 ± 0.4 and 0.9 ± 0.4, respectively [Kirchstetter et al., 2004] . A similar OC/EC ratio (0.53) was measured in a tunnel in Austria [Laschober et al., 2004] . However, OC/EC ratios from biomass burning give higher values of 5 to 8 [Andreae and Merlet, 2001] . From those studies, it can be estimated that the OC level in Ulaanbaatar was highly enhanced by emission from biomass burning. To further investigate the effects of biomass burning on OC, K + can be used as a tracer of wood burning [Andreae, 1983] . A moderate correlation coefficient (R 2 = 0.54) obtained from OC versus K + concentrations (see Figure 5b ) supports that the OC in Ulaanbaatar was influenced by the biomass burning emissions during the sampling period.
[24] OC/EC ratios are site specific. The accumulation of pollutants under stagnant conditions may enhance the formation of secondary organic aerosols, resulting in high OC/EC , and EC could vary simultaneously according to the emission strength of sources, resulting in good correlation with each other. Thus, we further compared WSOC concentrations and OC/EC ratios. A poor correlation (R 2 = 0.11) was observed between WSOC concentrations and OC/EC ratios. The moderate correlations between WSOC and K + and the poor correlation between WSOC and OC/EC ratios implied that high WSOC concentrations and high OC/EC ratios in this study were attributed not only to secondary production of WSOC under the stagnant condition but also the enhanced primary emission of WSOC from biomass burning, especially from wood burning in home stoves.
Haze Episode by Local Emission Versus Long-Range Transport
[25] Meteorological conditions play a key role in the formation of heavy pollution episodes by the accumulation of local pollutants or transport of pollutants from nearby source regions [Heald et al., 2006; Fu et al., 2008; Jung et al., 2009b] . The inversion height is defined as such where air temperature increases with altitude [Liu et al., 2007] . This stable atmospheric condition prevents aerosols from diffusing into higher levels of the atmosphere, resulting in higher aerosol loadings near the ground surface [Taubman et al., 2004; Liu et al., 2007; Fu et al., 2008] . Ulaanbaatar is a basin surrounded by high mountains, capturing air pollutants within the city. Cold air blowing into the basin and the radiative cooling on the ground helps development of an inversion layer over Ulaanbaatar in winter [Japan Environmental Council, 2005] .
[26] Vertical profiles of average ambient temperature at the sampling site in Ulaanbaatar are shown in Figure 6 . The vertical profile was integrated to the surface level using surface ambient temperature data obtained from a nearby measurement station. A strong temperature inversion was observed below 700-800 m above the ground level in the morning and also in the evening throughout the sampling period, which implied frequent formation of an inversion layer over Ulaanbaatar. Low wind speeds of 1.5 ± 1.0 m s −1 accelerated the accumulation of air pollutants below the inversion layer, resulting in severe haze episodes during the sampling period. The prevailing surface wind in the daytime (1000 to 1800 LT) was westerly or northwesterly with relatively higher wind speeds of 1.9 ± 1.0 m s −1 . Since most of the heat and power plants are located southwest or west of the city center (Figure 1) , relatively strong westerly winds in the daytime transport pollutants emitted from the heat and power plants downtown. Thus, the sampling site was highly influenced not only by emissions of home stoves and auto vehicles but also by emissions from heat and power plants.
[27] Since Mongolia is located north of China and south of Russia, long-range transported pollutants from these countries are possible sources of air pollution in Ulaanbaatar. From satellite remote sensing, it was previously observed that smoke plumes from forest fires in Siberia were frequently transported to Mongolia and eastern China [Lee et al., 2005] . To detect the fire activities using satellite remote sensing, the NASA/GSFC Moderate Resolution Imaging Spectroradiometer Rapid Response fire map was used in this study [Giglio et al., 2003; Davies et al., 2004] . However, no significant fire activities were observed in the forest region of Siberia during the entire sampling period (not shown). Four day air mass backward trajectories arriving at 500 m altitude over the sampling site clearly showed that most of the air masses originated from northwest of Mongolia (Figure 2 ), which coincide with the prevailing westerly or northwesterly surface wind in the daytime. From the fire map and air mass backward trajectories, it was concluded that long-range transport of fire plume and anthropogenic pollutants from Russia and China were rarely encountered over the sampling site. Therefore, most of the pollutants in Ulaanbaatar were of local origin during the sampling period. From similar diurnal patterns of wind speed and wind direction and the HYSPLIT backward trajectories during the entire sampling period as well as 24 h sample collection, it is difficult to categorize the atmospheric conditions according to air mass origin and meteorological patterns. Thus, we did not categorize the pollution episode.
Primary Versus Secondary Production of Dicarboxylic Acids and Related Compounds
[28] C 2 is known to be formed by hydroxyl radical (OH·) oxidation of various precursors including longer-chain diacids and glyoxylic acid (wC 2 ) Ervens et al., 2004; Lim et al., 2005; Carlton et al., 2006] , as well as from primary emissions from auto exhaust [Kawamura and Kaplan, 1987; Wang et al., 2006b; Ho et al., 2006] and biomass burning [Narukawa et al., 1999; Graham et al., 2002; Gao et al., 2003; Kundu et al., 2010] . It was proposed that malic acid (hC 4 ) can be formed by hydration of maleic acid (M) and/or hydroxylation of C 4 , and is further oxidized to C 2 and C 3 . C 3 may be further oxidized to C 2 through intermediate compounds such as hydroxymalonic acid or ketomalonic acid (kC 3 ) . A good correlation between C 2 and precursor compounds, such as wC 2 , C 3 , and C 4 as well as kC 3 and hC 4 , would imply secondary production of C 2 through photochemical degradation of the precursor compounds [Ervens et al., 2004; Legrand et al., 2007] . However, no significant relations were obtained between C 2 and its precursor compounds, such as wC 2 (R 2 = 0.15), kC 3 (0.26), and hC 4 (−0.17), indicating that most of the C 2 was directly emitted from combustion sources (Table 3) .
[29] Pyruvic acid (Pyr) has also been reported to act as a precursor of C 2 via wC 2 in aqueous phase reaction [Lim et al., 2005; Carlton et al., 2006] and shown to originate from aromatic hydrocarbons and isoprene [Talbot et al., 1995] . However, poor correlation between Pyr and wC 2 (0.31) was observed. Good or moderate correlations between C 2 and C 3 (R 2 = 0.79) and C 2 and C 4 (R 2 = 0.51) indicate that these three compounds were emitted from similar sources, probably from fossil fuel combustion. This is supported by the low abundance of C 3 in the molecular distribution of diacids; C 3 diacid is less stable in the high-temperature combustion process due to the presence of more reactive hydrogen atoms on the a-carbon that is activated by adjacent two carboxyl groups [Kawamura and Kaplan, 1987] . This is in contrast to the photochemically aged aerosols in which C 3 is abundant Kawamura and Sakaguchi, 1999] . Very low concentrations of kC 3 (1 ± 1 ng m −3 ) and hC 4 (1 ± 2 ng m −3 ) also indicate insignificant photochemical oxidation processing.
[30] Moderately good correlation was observed between total diacids and the SO 4 2− concentrations (R 2 = 0.49; Figure 7a ). This moderately good correlation could be attributed to not only the increased formation of secondary organic aerosols via oxidation of gaseous volatile organic compounds but also the increased emissions from sources as discussed in section 3.2. Positive correlations of C 2 /C 4 and C 3 /C 4 mass ratios with oxidants and/or secondary aerosols would suggest that C 2 and C 3 are likely produced by the photochemical degradation of C 4 and longer-chain diacids . As shown in Figures 7b and 7c, C 2 /C 4 and C 3 /C 4 ratios as well as the total diacid Figure 6 . Vertical profiles of average ambient temperature over the sampling site during the entire sampling period. Black and red lines represent the profiles obtained at 0800 and 2000 LT, respectively. carbon to OC mass (total diacid-C/OC) ratio were compared with the SO 4 2− concentrations. Average C 2 /C 4 and C 3 /C 4 ratios were calculated to be 1.84 ± 0.79 and 0.21 ± 0.06, respectively, while total diacid-C/OC was 0.84% ± 0.20%. No increasing or decreasing trends of C 2 /C 4 , C 3 /C 4 , and total diacid-C/OC ratios as a function of SO 4 2− concentration were found, except for few higher points at lower SO 4 2− concentrations, again suggesting that secondary production of C 2 and C 3 through photochemical oxidation of C 4 and longer-chain diacids was not important during the cold winter.
[31] There are several studies regarding the production of C 2 , C 3 , and C 4 from the phochemical degradation of longerchain diacids Ervens et al., 2004; Carlton et al., 2006; Legrand et al., 2007] . C 2 /C 4 and C 3 /C 4 ratios were used in many previous studies to evaluate photochemical aging and tracking the possible sources of diacids Legrand et al., 2007; Sorooshian et al., 2007b; Aggarwal and Kawamura, 2008; Kundu et al., 2010] . Aggarwal and Kawamura [2008] compared C 3 /C 4 ratios from urban source regions in East Asia and from downwind remote sites. They clearly observed increases of C 3 /C 4 ratios from the source regions to the downwind remote sites. Mass concentration ratios among diacids (C 2 /C 4 , C 3 /C 4 , C 6 /C 9 , and Ph/C 9 ) in the Ulaanbaatar samples were compared with those reported previously in different atmospheric aerosols (Figures 8a and 8b ). The C 2 /C 4 and C 3 /C 4 ratios of our samples are lower than those from previously studied urban aerosols in Asian countries Ho et al., 2007; Aggarwal and Kawamura, 2008; Miyazaki et al., 2009; Pavuluri et al., 2010] , freshly emitted aerosols from sources such as auto exhaust and biomass burning [Kawamura and Kaplan, 1987; Ho et al., 2006; Wang et al., 2006b; Kundu et al., 2010] , and aged aerosols from remote regions Kawamura and Sakaguchi, 1999; Mochida et al., 2003; Sempéré and Kawamura, 2003] . The one exception from low altitudinal (<500 m) aerosol samples in the urban atmosphere (Houston, TX) showed a much lower C 3 /C 4 ratio (∼0.05) [Sorooshian et al., 2007b] .
[32] Because C 2 and C 3 are less abundant in the Ulaanbaatar aerosols, they are unlikely produced through photochemical degradation of C 4 and longer-chain diacids. Lower C 2 /C 4 and C 3 /C 4 ratios could be explained by the introduction of more fresh aerosols rather than aged aerosols. Interestingly, the C 2 /C 4 and C 3 /C 4 ratios are still much lower than those from auto exhaust and biomass burning. A good correlation between K + and OC as well as high OC/EC ratios suggests that OC was mainly emitted from biomass burning as discussed in section 3.2. However, much lower C 2 /C 4 and C 3 /C 4 ratios than those from biomass burning in Brazil [Kundu et al., 2010] suggests that diacids and related compounds in the Ulaanbaatar aerosols were likely emitted not only from biomass burning but also from incomplete combustion of fossil fuels. Higher C 2 /C 4 and C 3 /C 4 ratios from biomass burning in Brazil than those from this study were also attributed to photochemical production of C 2 and C 3 from C 4 within biomass burning plume [Kundu et al., 2010] .
[33] Adipic (C 6 ) and phthalic (Ph) acids may be produced by the oxidation of anthropogenic cyclohexene [Grosjean et al., 1978; Hatakeyama et al., 1987] and aromatic hydrocarbons such as naphthalene , respectively. In contrast, azelaic acid (C 9 ) is mainly produced by the oxidation of biogenic unsaturated fatty acids containing a double bond at the C-9 position [Kawamura and Gagosian, 1987] . Consequently, C 6 /C 9 and Ph/C 9 ratios can be used as tracers to evaluate the source strength of anthropogenic versus biogenic precursors to the diacids [Kawamura and Yasui, 2005] . A C 6 /C 9 mass ratio of 0.28 in this study was much lower than those obtained at urban areas in Japan and China Ho et al., 2007; Aggarwal and Kawamura, 2008] , but comparable to those obtained at urban areas in India (0.34 in Chennai [Pavuluri et al., 2010] and 0.41 in daytime (0.44 in nighttime) in New Delhi ).
[34] Kawamura and Kaplan [1987] reported that diesel fuel vehicular exhaust showed a higher Ph/C 6 ratio (6.58) than that from gasoline fuel vehicle (2.05). A Ph/C 6 ratio of 4.69 obtained in this study is higher than those from the Figure 7 . Scatterplots of (a) total diacids, (b) C 3 /C 4 and C 2 / C 4 ratios, and (c) the total diacid carbon mass to total OC mass ratio (total diacid-C/OC) versus sulfate concentrations.
urban areas in India (1.38 in New Delhi, 2.92 in Chennai), where similar Ph/C 9 and C 6 /C 9 ratios were obtained Pavuluri et al., 2010] . This result can be partially explained by enhanced emissions from diesel fuel vehicles, which are very common in Ulaanbaatar [World Bank, 2004; Guttikunda, 2007] . They reported that most heavy-duty trucks and passenger cars are diesel fuel vehicles of more than 10 years old. A Ph/C 9 ratio of 1.30 in this study is comparable to those obtained at urban areas in India, but lower than those in urban areas in China and Japan (Figure 8b) . Both the C 6 /C 9 and Ph/C 9 ratios in our samples were much lower than those from auto exhausts and biomass burning [Kawamura and Kaplan, 1987; Ho et al., 2006; Wang et al., 2006b; Kundu et al., 2010] , indicating higher production of C 9 through an oxidation of biogenic unsaturated fatty acids possibly from domestic cooking [Rogge et al., 1991] .
[35] Systematically similar correlations of diacids and related compounds were observed against four tracers (i.e., SO 2 , K + , EC, and OC; Table 4 ). This can be attributed to dominant emissions from home stoves and heat and power plants mainly for space heating during winter. Among the major diacids and related compounds in Ulaanbaatar, C 4 , iC 5 , tPh, and mGly showed relatively good correlation with all four tracers, indicating that these compounds are in part emitted from wood burning and lignite coal burning as well as waste incineration. In addition to the major compounds, minor compounds (C 3 , C 7 , C 8 , C 10 , iC 6 , mM, iPh, and Gly) also showed relatively good correlation with all four tracers, indicating that these compounds are also in part directly emitted from the sources.
[36] However, M, wC 2 , wC 3 , and wC 4 showed better correlation with SO 2 than with the other tracers. This suggests that they are in part directly emitted from lignite coal burning. Because C 6 , Ph, and C 9 may be produced via the oxidation of anthropogenic hydrocarbons and biogenic unsaturated fatty acids, poor correlations of these compounds were observed against all four tracers. Since intermediate compounds such as hC 4 and kC 3 are of secondary origin, poor correlations between multifunctional diacids (hC 4 and kC 3 ) and the four tracers are reasonably obtained. PO 4 3− showed good correlation with C 4 , iC 4 , iC 6 , and tPh with R 2 > 0.7. The correlations of PO 4 3− with diacids and related compounds are similar to those of carbonaceous aerosols with K + . Thus, it is estimated that PO 4 3− might be produced from similar emission mechanisms of biomass burning and waste incinerator.
[37] Generally, diacids and related compounds showed better correlation with SO 2 than SO 4 2− , indicating secondary production is less significant during the cold winter. It was reported that SO 4 2− fraction dramatically increased with pollution level at urban sites in China [Jung et al., 2009a [Jung et al., , 2009b . A correlation between C 2 and SO 4 2− and its linear regression slope have been used to investigate production processes of C 2 mainly via aqueous phase reactions [Yu et al., 2005] . A strong correlation between C 2 and SO 4 2− was observed at urban cities in East Asia (R 2 > 0.69) [Yu et al., 2005] and in New Delhi, India (R 2 > 0.65) , suggesting that aqueous phase reactions in cloud/fog are an important pathway for the formation of secondary organic aerosols. However, poor correlation between C 2 and SO 4 2− (R 2 = 0.35) was observed in this study, suggesting insignificant photochemical production of C 2 via aqueous phase reactions Figure 8 . Comparison of mass ratios of (a) C 2 /C 4 and C 3 /C 4 and (b) C 6 /C 9 and Ph/C 9 in this study with those obtained from previous studies of atmospheric aerosols. Site name or source type represents the reference from which the data are taken: Ulaanbaatar, present study; Sapporo, Aggarwal andunder cold and dry atmospheric condition during the winter in Ulaanbaatar.
Summary and Conclusion
[38] This study reports, for the first time, the molecular distributions of dicarboxylic acids, ketocarboxylic acids, and a-dicarbonyls as well as OC, EC, WSOC, and inorganic ions in the aerosols from Ulaanbaatar, Mongolia, during the cold winter of 2007 to 2008. Distributions of dicarboxylic acids and related compounds were characterized by a predominance of tPh, followed by oxalic (C 2 ), succinic (C 4 ), glyoxylic (wC 2 ), and phthalic (Ph) acids. Predominance of tPh, which has not been reported previously in atmospheric aerosols, was mainly due to uncontrolled combustion of plastic bottles and bags in home stoves for space heating and waste incineration during the cold winter. On the basis of a weak correlation of C 2 with its precursor compounds and negligible amount of intermediate compounds, such as malic (hC 4 ) and ketomalonic (kC 3 ) acids, it was concluded that secondary production of diacids through photochemical processing was not important during the winter in Ulaanbaatar. Correlation analysis of diacids and related compounds against combustion and biomass burning tracers (SO 2 , K + , EC, and OC) suggested that C 4 , iC 5 , tPh, and mGly are mostly emitted from wood and lignite coal burning as well as waste incineration. However, M, wC 2 , and wC 4 are in part emitted from lignite coal burning and/or produced by the oxidation of gaseous precursor compounds emitted directly from lignite coal burning. Haze episodes in Ulaanbaatar were enhanced by the formation of an inversion layer and low wind speeds during the winter, which accelerated the accumulation of pollutants emitted from local sources such as heat and power plants, home stoves, and automobiles. Since Ulaanbaatar is located at a high altitude of ∼1300 m above sea level, the high concentrations of anthropogenic pollutants in this city can be transported to the upper troposphere in the same manner as Asian dust during the spring. This study suggests that the pollutants emitted from Ulaanbaatar may affect the regional air quality and thus contribute to the aerosol's effects relevant to climate change.
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